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ABSTRACT
Dnmt3a and Dnmt3b are paralogous enzymes re-
sponsible for de novo DNA methylation but with dis-
tinguished biological functions. In mice, disruption
of Dnmt3b but not Dnmt3a causes global DNA
hypomethylation, especially in repetitive sequences,
which comprise the large majority of methylated
DNA in the genome. By measuring DNA methylation
activity of Dnmt3a and Dnmt3b homologues from
five species, we found that mammalian Dnmt3b pos-
sessed significantly higher methylation activity on
chromatin DNA than Dnmt3a and non-mammalian
Dnmt3b. Sequence comparison and mutagenesis
experiments identified a single amino acid substitu-
tion (I662N) in mammalian Dnmt3b as being crucial
for its high chromatin DNA methylation activity.
Further mechanistic studies demonstrated this sub-
stitution markedly enhanced the binding of Dnmt3b
to nucleosomes and hence increased the chromatin
DNA methylation activity. Moreover, this substitu-
tion was crucial for Dnmt3b to efficiently methylate
repetitive sequences, which increased dramatically
in mammalian genomes. Consistent with our obser-
vation that Dnmt3b evolved more rapidly than
Dnmt3a during the emergence of mammals, these
results demonstrated that the I662N substitution in
mammalian Dnmt3b conferred enhanced chromatin
DNA methylation activity and contributed to func-
tional adaptation in the epigenetic system.
INTRODUCTION
DNA cytosine methylation is an important epigenetic
modiﬁcation crucially involved in many cellular processes,
such as transcription regulation and chromatin organiza-
tion (1). Aberrant DNA methylation contributes to car-
cinogenesis and other diseases (2–3). Two types of DNA
methyltransferases (DNMTs) are mainly responsible for
this modiﬁcation (4). The maintenance DNMT preferen-
tially recognizes hemimethylated DNA and methylates the
newly synthesized strand after DNA replication, while
de novo DNMTs create new methylation patterns on
non-methylated DNA.
In mammals, two de novo DNMTs, namely Dnmt3a
and Dnmt3b, are known for the establishment of initial
chromatin DNA methylation patterns (4,5). Recombinant
Dnmt3a and Dnmt3b have similar DNA methylation
activity in vitro when poly(dG-dC)-poly(dG-dC) or other
naked DNA is used as the substrate (6), and have little or
no intrinsic sequence speciﬁcity beyond the CpG dinucleo-
tide (4). However, the methylation activity of both
Dnmt3a and Dnmt3b substantially decreases when the
DNA substrate is packaged into nucleosomes, the basic
unit of chromatin in eukaryotic cells (7–9), and Dnmt3b
was reported to have higher nucleosomal DNA methyla-
tion activity than Dnmt3a (8). Moreover, although
Dnmt3a and Dnmt3b have overlapped targets in vivo,
Dnmt3a is speciﬁcally required for the methylation of
some single copy genes, such as imprinted genes in germ
cells and the Xist gene on the X chromosome (10–12),
while Dnmt3b is irreplaceable in the methylation of
minor satellite repeats and other diﬀerent repetitive se-
quences depending on the cell types (5,11,13,14).
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in the mammalian genomes (15,16), and these repetitive
sequences represent a large part of the genome and
contain the large majority (>90%) of 5-methylcytosines
(m
5C) in the genome (17). Consistently, mutations in the
DNMT3B gene cause ICF (immunodeﬁciency, centromer-
ic instability, facial anomalies) syndrome, which shows
hypomethylation of satellite DNA and chromatin instabil-
ity (14,18,19). Disruption of Dnmt3b in mice led to global
DNA hypomethylation and embryonic lethality, while
Dnmt3a deﬁcient mice developed to term without signiﬁ-
cant changes in global DNA methylation although died at
about 4 weeks of age (5).
In contrast with their distinguished in vivo functions,
Dnmt3a and Dnmt3b share remarkable sequence
homology and both have three conserved domains: the
N-terminal regulatory region contains a PWWP domain
that targets the enzyme to chromatin, a cysteine-rich
PHD zinc-ﬁnger domain which interacts with transcrip-
tional repressors, histone deacetylases and histone
methyltransferases generating inactive chromatin
markers; the C-terminal region is the catalytic domain
which is highly conserved (4,20–22). The similar domain
organization and remarkable sequence homology of
Dnmt3a and Dnmt3b suggest that they are paralogs
generated from duplication in a common ancestor. Gene
duplication is widely recognized as one of the primary
sources for evolutionary novelties, and theoretical
models predict that after the duplication event, one copy
of the duplicated genes would be silenced quickly unless
functional novelty or partitioning had occurred by
sequence divergence (23–26). The distinguished biological
functions of Dnmt3a and Dnmt3b are consistent with the
theoretical models. However, the contribution of evolu-
tionary sequence divergence of Dnmt3a and Dnmt3b to
their in vivo DNA methylation activity and biological
functions after gene duplication remains largely
untouched.
In this study, we found that mammalian Dnmt3b had
higher chromatin DNA methylation activity than Dnmt3a
and non-mammalian Dnmt3b by using budding yeast as
the in vivo test tube, and a single amino acid substitution
(I662N) of mammalian Dnmt3b in the highly conserved
catalytic domain conferred the high chromatin DNA
methylation activity. Moreover, this substitution was
crucial for Dnmt3b to eﬃciently methylate repetitive se-
quences, which increased dramatically in mammalian
genomes and are the major targets of DNA methylation.
We also observed that Dnmt3b evolved more rapidly than
Dnmt3a in vertebrates, during the emergence of
mammals. These results provide the ﬁrst example on
how sequence divergence after gene duplication contrib-
utes to functional novelty and adaptation in the epigenetic
system.
MATERIALS AND METHODS
In silico analysis
Protein sequences of Dnmt3 homologues were aligned
using T-Coﬀee (27). The phylogenetic tree was inferred
using NJ method with JTT model in MEGA (28).
Synonymous and non-synonymous substitution rates
between human Dnmt3a/Dnmt3b and their orthologous
genes in other species were further derived by NG model
(29), and molecular clock hypothesis test was performed
as proposed by Tajima (30).
Cloning of anole lizard Dnmt3a and Dnmt3b
Total RNA of anole lizard tissue was extracted with Trizol
Reagent (Invitrogen), and reverse-transcribed using
SMART RACE cDNA Ampliﬁcation Kit (Takara).
Then 50-RACE and 30-RACE PCR were performed ac-
cording to the manufacturer’s instructions. For Dnmt3a,
the gene-speciﬁc primers (GSPs) used were: 50-TCCCGTC
CCCGAACCACATGACCCA-30 (50-RACE) and
50-GCAAGGACCAGCACTTCCCTGTCTTCAT-30
(30-RACE). For Dnmt3b, the GSPs used were: 50-GCACC
TGAAACAACTGGCATTGTCACAAAGGA-30
(50-RACE) and 50-TGAACGGCAAAGACGACGACTT
GTGGTGC-30 (30-RACE). The PCR products were
cloned into pMD19-T vector (Takara) and sequenced,
which have been submitted to GeneBank (GQ121004
and GQ121005).
Plasmids
Full length cDNAs of Dnmt3a/Dnmt3b of human, mouse,
chicken and zebraﬁsh were kindly provided by Dr Arthur
D. Riggs, Dr Guo-liang Xu, Dr Hiroyuki Sasaki, Dr
Nobuyoshi Shimoda, respectively. For yeast transform-
ation, full lengths of DNMTs were cloned into modiﬁed
pYES3/CT in-frame with a FLAG tag at the N-terminus.
Plasmids containing cDNA encoding mouse Dnmt3a and
Dnmt3b chimeric proteins were generated similar to pre-
viously described (12). Single amino acid mutants of
mouse Dnmt3a and Dnmt3b were generated by
QuickChange Site Directed Mutagenesis (Stratagene).
For Dnmt3L co-expression, pYES3/CL (modiﬁed from
pYES3/CT) was used. All constructs were conﬁrmed by
sequencing. For ES cell transfection, N-terminal
FLAG-tagged full lengths of mouse Dnmt3b and its
N662I mutant were subcloned into pCAG-IRESblast ex-
pression vector (11; kindly provided by Dr Taiping Chen).
Yeast methods
Wild-type and Set1 knockout YPH499 yeast
(Saccharomyces cerevisiae) strains were kind gifts from
Dr Guoliang Xu. Yeast was transformed using a
standard lithium acetate heat-shock procedure.
Transformants were selected on plates of appropriate se-
lective medium (SC) with 2% glucose. To induce expres-
sion of the Dnmt3 proteins, single colonies were
inoculated into appropriate SC+2% glucose liquid
medium and grew overnight at 30 C with shaking. Then
yeast cells were spun down, washed with sterilized water
and resuspended into induction medium (SC+2% galact-
ose) to obtain an OD600 of 1.0, and continued growing for
24h. After the 24-h induction, yeast cells were harvested
for further analysis or protein puriﬁcation.
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Genomic DNA was prepared from yeast or ES cells,
digested and analyzed essentially as described (31) using
a Perkin-Elmer HPLC with an UV/VIS detector.
Deoxyriboncleotide 50-monophosphates in DNA digests
were resolved using an octadecylsilane-bonded silica
column (Ultimate AQ-C18, 5mm, 4.6 250mm, Welch
Materials) eluted at 20 C with 10mM potassium ortho-
phosphate (pH 3.7) at 1.0ml/min.
Protein puriﬁcation
DNMT-expressing yeast cells were lysed with a
Mini-Beadbeater (for small scale) or a Microﬂuidizer
(for large scale) in cold Lysis Buﬀer (50mM Tris–HCl,
pH 7.4, 500mM NaCl, 2mM MgCl2, 10% glycerol,
0.5% NP-40, 1mM EDTA, 0.5mM dithiothreitol) con-
taining freshly added complete protease inhibitor tablets
(Roche) and 0.5mM phenylmethylsulfonyl ﬂuoride.
Lysates were pre-cleared by centrifugation for 30min at
20 000g and cleared a second time for 1h at 92000g. The
soluble extract (5–10mg/ml protein) was incubated with
pre-equilibrated anti-FLAG M2 Aﬃnity Gel (Sigma) at
4 C for 2h. After washing the beads for three times with
lysis buﬀer, the DNMT proteins were eluted by two se-
quential 30-min incubations at 4 C with elution buﬀer
(20mM Tris–HCl, pH 7.4, 200mM KCl, 0.2mM
dithiothreitol, 200mg/ml 3  FLAG peptide). Puriﬁed
DNMT proteins were electrophoresed in 8% SDS–
PAGE gel, stained with Coomassie blue and quantitated
using BSA as a protein standard.
Preparation of mono-nucleosomes and naked DNA
Mono-nucleosomes were prepared from HeLa cells as pre-
viously described (8). The corresponding naked DNA was
extracted from the mono-nucleosomes by phenol/chloro-
form method.
In vitro DNMT assay
DNMT activity was assayed essentially as previously
described (8). Brieﬂy, the immuneprecipitates (from
lysates of 10 OD Dnmt3-expressing yeast cells) or 100ng
puriﬁed Dnmt3 proteins, the indicated substrate [500ng
for yeast genomic DNA, 100ng for poly(dG-dC)-
poly(dG-dC), 75ng for nucleosomal DNA or naked
DNA] and 2ml [methyl-
3H]AdoMet (81.9Ci/mmol,
Perkin-Elmer) were incubated in a total volume of 25ml
reaction buﬀer (20mM Tris–HCl, pH 7.4, 20mM KCl,
60ng/ml BSA, 2.7M glycerol, 1mM EDTA and 0.2mM
DTT) at 37 C for 2h (immunoprecipitates) or 1h (puriﬁed
Dnmt3 proteins). After the incubation, the radioactivity
([
3H]-CH3) incorporated into DNA was determined with a
liquid scintillation counter.
Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) was per-
formed essentially as previously described (32). Brieﬂy,
30nM mono-nucleosomes or naked DNA extracted
from the mono-nucleosomes were incubated with
120nM puriﬁed proteins in reaction buﬀer (20mM Tris–
HCl, pH 7.4, 20mM KCl, 60ng/ml BSA, 1mM EDTA
and 0.2mM DTT) containing 0.2mM sinefungin for
30min and applied to 4% polyacrylamide gel run in
0.5  TBE buﬀer. Then the gel was stained with SYTO
60 ﬂuorescent nucleic acid stain (Invitrogen) and
scanned with Odyssey infrared imager (LI-COR).
ES cell culture and stable expression
Wild-type J1 and Dnmt3a
 / 3b
 /  mutant ES cells (kindly
provided by Dr En Li) were maintained on 0.1% gelatin
(Sigma) in Dulbecco’s Modiﬁed Eagle’s medium
(Invitrogen) supplemented with 15% fetal bovine serum
(HyClone), 0.1mM non-essential amino acids
(Invitrogen), 0.1mM b-mercaptoethanol, 1000U of
leukemia inhibitory factor (LIF) per milliliter. For stable
expression, pCAG-IRESblast expression vector encoding
GFP, mDnmt3b and mDnmt3b (N662I) were
electroporated into Dnmt3a
 / 3b
 /  ES cells of passage
70, and subsequently selected in blasticidin-containing
(10mg/ml, Sigma) medium for 7 days. Individual
blasticidin-resistant colonies were examined for protein
expression by western blot with polyclonal anti-Dnmt3b
antibody (kindly provided by Dr Guo-liang Xu).
Bisulﬁte genomic sequencing
Genomic DNA (200ng) was restricted with EcoRI and
treated with sodium bisulﬁte as previously described
(33). The treated DNA was subjected to PCR ampliﬁca-
tion for regions of interest, and PCR products were cloned
into pMD19-T vector (Takara) and sequenced. Primer se-
quences for bisulﬁte sequencing were designed using
Methyl Primer Express software. For yeast genomic
region 1 (chr7: 155658–156092): 50-TGAAAAAATTTA
GTAGTTTTTGGG-30 and 50-ACCACACATCCCATA
ACTCTAT-30; for yeast genomic region 2 (chr15:
1085279–1085671): 50-TTGTTGTTGTTGGAGATT
TGTA-30 and 50-CCTATCCATTACACCAATTCTAA
A-30; for mouse Pgk-2:5 0-GTTGATGAGTTTAAGTTT
TTGTTG-30 and 50-ATCCAATTCCTTCTTCAT
AAAA-30; for mouse  -globin: 50-TTTTGATTTGTTTT
TTTTTTT-30 and 50-TACATTCAAAAAAAACCA
TATT-30.
Southern blot
Genomic DNA was extracted from various ES cell lines by
the classical phenol/chloroform method. A total of 1.5mg
of DNA was digested with the indicated methylation-
sensitive or -insensitive enzymes (New England Biolabs)
overnight and subsequently run on a 1% agarose gel.
Then the gel was transferred to Hybond-N+ membrane
(GE Healthcare) and hybridized to diﬀerent probes. The
probes used in this study were as follows: major satellite
repeats (50-TAT GGC GAG GAA AAC TGA AAA AGG
TGG AAA ATT TAG AAA TGT CCA CTG TAG GAC
GTG GAA TAT GGC AAG-30: 11), minor satellite
repeats (50-GAC TGA AAA ACA CAT TCG TTG
GAA ACG GGA TTT GTA GAA CAG TGT ATA
TCA ATG AGT TAC AAT GAG-30; 34), Line1 repeats
(50-AGG ATC TTT ACC TAT CCT AAA TCA GAT
6056 Nucleic Acids Research, 2010,Vol.38, No. 18AGG GGA CTA ATA TCC AAC ATA TAT AAA GAA
CTC-30; 35).
Statistical analysis
Tajima’s test was used for synonymous and
non-synonymous substitution analysis. Other data are
shown as mean ± SEM and were analyzed by Student’s
t-test.
RESULTS
Mammalian Dnmt3b shows higher chromatin DNA
methylation activity than Dnmt3a and non-mammalian
Dnmt3b in vivo
Based on genome-wide in silico analysis, Dnmt3a and
Dnmt3b homologues in 14 metazoan genomes were
identiﬁed (Supplementary Table S1). Phylogenetic
analysis suggested that Dnmt3a and Dnmt3b were
generated by gene duplication event around the separation
of vertebrates (Supplementary Figure S1). To experimen-
tally examine the functional divergence of Dnmt3a and
Dnmt3b after gene duplication, we tested the chromatin
DNA methylation activity of Dnmt3a and Dnmt3b of
zebraﬁsh, lizard, chicken, mouse and human, using
budding yeast as the in vivo test tube. Budding yeast is
an ideal system to investigate eukaryotic DNMTs,
because it provides chromatin-packed genomic DNA
that mimics the in vivo substrate of Dnmt3 proteins, but
has neither endogenous DNMTs nor any background
DNA methylation (36–38). Indicated Dnmt3 proteins
were ﬁrstly introduced into yeast by galactose-controlled
expression, and expressed at similar levels (Figure 1A).
Then yeast genomic DNA was extracted and subjected
to HPLC analysis. As shown in Figure 1B, the in vivo
chromatin DNA methylation was much higher in yeast
expressing mammalian Dnmt3b proteins than other
Dnmt3 proteins (Dnmt3a and non-mammalian
Dnmt3b). No DNA methylation was detected in yeast ex-
pressing chicken Dnmt3b, which has been predicted to be
enzymatically inactive due to the natural loss of an exon
(39), a phenomenon appears to be conserved in birds
(Supplementary Figure S2). The Dnmt3 proteins were
also immunoprecipitated from equal amounts of yeast
lysates and subjected to in vitro DNMT assays using
poly(dG-dC)-poly(dG-dC) as the substrate (6). As
shown in Figure 1C, all the Dnmt3 proteins (except
chicken Dnmt3b) showed comparable DNA methylation
activity to mammalian Dnmt3b, similar results were
obtained when extracted yeast genomic DNA was used
as the substrate (Supplementary Figure S3). These
results demonstrated that the relatively low chromatin
DNA methylation activity of Dnmt3a and non-
mammalian Dnmt3b was neither due to loss of enzymatic
activity by the possible incorrect protein folding when ex-
pressed in yeast, nor to their possible diﬀerent preference
for the DNA sequence of yeast genome. In addition, im-
munoﬂuorescence analysis revealed that both mouse
Dnmt3a and Dnmt3b (mDnmt3a, mDnmt3b) were cor-
rectly localized in the yeast nucleus without signiﬁcant
diﬀerence (Supplementary Figure S4). Thus, our results
indicated that mammalian Dnmt3b had higher chromatin
DNA methylation activity than Dnmt3a and
non-mammalian Dnmt3b in vivo, which might be
attributed to the sequence divergence during evolution.
An evolutionary amino acid substitution (I662N) in
mammalian Dnmt3b is crucial for its high chromatin
DNA methylation activity
To determine which domain of mammalian Dnmt3b con-
tributes to its high chromatin DNA methylation activity,
we generated mouse 3aN-3bC and 3bN-3aC chimeras, and
measured their chromatin DNA methylation activity in
yeast (Figure 2A). Across the entire sequence, the
3bN-3aC chimera is more similar to mDnmt3b than the
3aN-3bC chimera (91% versus 53% sequence identity to
mDnmt3b). Nevertheless, it is the less similar 3aN-3bC
chimera that displayed high chromatin DNA methylation
Figure 1. Mammalian Dnmt3b possesses higher chromatin DNA
methylation activity than other Dnmt3 proteins. (A) Dnmt3 proteins
were ectopically expressed in yeast at similar levels. (B) The m
5C
contents (m
5C/total cytosine) in yeast chromatin DNA were
measured by HPLC. NSD, no signal detected. (C) The Dnmt3
proteins were immunoprecipitated from equal amounts of yeast
lysates and subjected to in vitro DNMT assays using poly(dG-dC)-
poly(dG-dC) as the substrate. Data are presented as mean ± SEM,
n=3.
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gence of the highly conserved catalytic domain is mainly
responsible for the high chromatin DNA methylation
activity of mammalian Dnmt3b.
Radical amino acid substitutions (substitutions with
amino acids of distinct properties) have been suggested
to be the major contributor for diverged protein functions
(40–42). In the conserved catalytic domain, we found three
radical amino acid substitutions that discriminate be-
tween mammalian Dnmt3b and other Dnmt3 proteins
(Figure 2B and Supplementary Figure S5), suggesting a
possible association with the high chromatin DNA methy-
lation activity. We thus created versions of mDnmt3a in
which these positions (the numbering in the study, if not
speciﬁed, refers to mDnmt3b) were individually changed
to the corresponding amino acid of mDnmt3b. These mu-
tations did not signiﬁcantly change the protein expression
levels in yeast (Supplementary Figure S6). Then we tested
their chromatin DNA methylation activity in yeast
(Figure 2C). Remarkably, the I662N substitution, which
is located on the highly conserved active-site loop (32;
Figure 2D and Supplementary Figure S9), signiﬁcantly
increased the chromatin DNA methylation activity of
mDnmt3a, and the reverse mutation (N662I) at the cor-
responding site of mDnmt3b signiﬁcantly decreased its
chromatin DNA methylation activity (Figure 2C). In
contrast, the reciprocal mutation at position 662 of
mDnmt3a and mDnmt3b did not signiﬁcantly change
their in vitro DNA methylation activity towards
poly(dG-dC)-poly(dG-dC) (Supplementary Figure S7),
suggesting a speciﬁc role of this residue for the chromatin
DNA methylation activity. Since non-mammalian
Dnmt3b also showed slightly higher chromatin DNA
methylation activity than Dnmt3a (Figure 1B), the
amino acids in the catalytic domain that radically discrim-
inate between Dnmt3a and Dnmt3b were also individually
substituted (Figure 2B). However, none of these substitu-
tions alone had signiﬁcant eﬀects on the activity of
mDnmt3a, only swapping a short stretch of sequence
(position 594–643) containing several of these residues
led to a moderate increase in activity (Figure 2C). Thus,
our results suggested that these substitutions might
function coordinately and have some eﬀects on methyla-
tion activity, while the I662N substitution alone played a
critical role for the high chromatin DNA methylation
activity of mammalian Dnmt3b.
The I662N substitution enhances Dnmt3b’s nucleosomal
DNA methylation activity
To ﬁnd out the accurate eﬀects of this substitution on
chromatin DNA methylation, we examined DNA methy-
lation status of two stretches of genomic DNA in the yeast
expressing mDnmt3a, mDnmt3b and their mutants by
bisulﬁte genomic sequencing. Consistent with the yeast
global chromatin DNA methylation observed by HPLC
analysis, genomic DNA from mDnmt3b- or mDnmt3a
(I662N)-expressing yeast contained substantially more
methylated CpG sites than that from mDnmt3a- or
mDnmt3b (N662I)-expressing yeast in the two examined
sequences (Figure 3A). Notably, in comparison with a
Figure 2. The I662N substitution in mammalian Dnmt3b is crucial for
the high chromatin DNA methylation activity. (A) The diagram of
3aN-3bC and 3bN-3aC chimeras is shown and their chromatin DNA
methylation activity was measured as the m
5C content in yeast chro-
matin DNA. (B and C) Radical amino acid substitutions between mam-
malian Dnmt3b and other Dnmt3 proteins (ﬁlled circle) or between
Dnmt3a and Dnmt3b (open square) in the catalytic domain were
listed (B), and their eﬀects on the chromatin DNA methylation
activity was measured as the m
5C content in yeast chromatin DNA
(C). Amino acids are classiﬁed into four groups: positive charged
(red), negative charged (blue), hydrophilic (yellow) and hydrophobic
(white). The numbering in all ﬁgures, if not speciﬁed, refers to
mDnmt3b sequence. Wt, wild-type. Data are presented as
mean±SEM, n=3. ***P<0.001, **P<0.01, versus mDnmt3a;
##P<0.01, versus mDnmt3b. (D) The I662N substitution of Dnmt3b
is located on the active-site loop of the catalytic domain and restricted
in mammals.
6058 Nucleic Acids Research, 2010,Vol.38, No. 18high-resolution atlas of nucleosome occupancy in budding
yeast (43) (Figure 3A), we found that methylated sites in
mDnmt3a- and mDnmt3b (N662I)-expressing yeast were
mostly restricted to some speciﬁc CpG sites in the linker
regions between nucleosomes, while mDnmt3b and
mDnmt3a (I662N) methylated CpGs in both linker and
nucleosome occupied regions. Combined with the
previous report that mDnmt3b possessed higher nucleo-
somal DNA methylation activity than mDnmt3a (8), we
speculated that the N662 residue might contribute to
mDnmt3b’s high chromatin DNA methylation activity
through improving its methylation capability towards
Figure 3. The I662N substitution enhances the binding of Dnmt3b to nucleosomes. (A) DNA methylation status of two stretches of genomic DNA
was examined by bisulphite genomic sequencing in the yeast expressing diﬀerent Dnmt3 proteins. Black circles represent methylated sites, and the
percentages of methylated CpG sites are indicated in parenthesis. Previously reported nucleosome occupancies of the corresponding regions are
indicated at the top, each vertical line represents the probe intensity ratio between nucleosomal and whole-genome DNA at that position, a positive
signal represents nucleosome occupancy (43). (B and C) In vitro DNA methylation activity towards mono-nucleosomes (B) or corresponding naked
DNA (C) was measured using puriﬁed Dnmt3 proteins. Data are presented as mean ± SEM, n=3.*P<0.05, versus mDnmt3a; ##P<0.01, versus
mDnmt3b. (D) EMSA analysis was carried out using mono-nucleosomes or naked DNA as the probe. FP, free probe. (E) Chromatin DNA
methylation activity of mDnmt3b with diﬀerent substitutions at position 662 was measured as the m
5C content in yeast chromatin DNA. Data
are presented as mean ± SEM, n=3.
Nucleic Acids Research, 2010,Vol.38, No. 18 6059nucleosomal DNA. To test this hypothesis, we prepared
mono-nucleosomes from mammalian cells
(Supplementary Figure S8) and measured the DNA
methylation activity of puriﬁed mDnmt3a, mDnmt3b,
mDnmt3a (I662N), mDnmt3b (N662I) in vitro, using
mono-nucleosomes as well as naked DNA extracted
from the nucleosomes as substrates. As expected,
mDnmt3b and mDnmt3a (I662N) showed signiﬁcantly
higher nucleosomal DNA methylation activity than
mDnmt3b (N662I) or mDnmt3a (Figure 3B), while the
reciprocal mutations at position 662 of mDnmt3b and
Laboratory of Molecular Cell Biology and Center of
Cell Signaling, mDnmt3a did not signiﬁcantly change
their DNA methylation activity towards naked DNA
(Figure 3C). These results demonstrated that I662N sub-
stitution could confer an intrinsic change of enzymatic
activity towards nucleosomal DNA, and largely
excluded the possibility that lack of proper histone modi-
ﬁcations in yeast was the cause of the diﬀerence in methy-
lation activity between mDnmt3a and mDnmt3b.
A polar or positive charged amino acid at position 662
enhances the binding of Dnmt3b to nucleosomes
To explore the underlying mechanism for the function of
residue N662, we created and puriﬁed mDnmt3b mutants
with their N662 residue substituted to amino acids with
distinct properties, and carried out EMSA. In this assay,
sinefungin, an analogue of the methyl group donor
AdoMet, was used to ensure the formation of the
enzyme–DNA complex without methyl group transfer
(32). As shown in Figure 3D, mutants with N662
substituted to I (aliphatic), E (negative charged) or G
(small) displayed weaker nucleosome binding than
wild-type mDnmt3b, while the mutant with positive
charged amino acid R displayed even stronger binding
to nucleosomes; meanwhile, the binding to naked DNA
was not signiﬁcantly aﬀected except when N662 was
substituted to E, which might strongly repel the nearby
phosphate group of DNA backbone. Taken together, we
proposed that a polar or positive charged amino acid at
position 662 could facilitate the formation of active
enzyme-DNA complex for nucleosomal DNA so that
further methyl group transfer could proceed eﬀectively.
Consistent with this proposal, substitution of residue 662
with polar or positive charged amino acids conferred high
chromatin DNA methylation activity in yeast, while those
with negative charged amino acids almost abolished this
activity (Figure 3E).
The I662N substitution is crucial for Dnmt3b to eﬃciently
methylate repetitive sequences in mammalian cells
To evaluate the biological importance of I662N substitu-
tion for Dnmt3b’s functions in mammals, wild-type
mDnmt3b and mDnmt3b (N662I) were introduced into
late passage Dnmt3a
 / 3b
 /  embryonic stem (ES) cells,
which are severely hypomethylated throughout the
genome (11). Clones expressing GFP (GFP3, GFP7),
mDnmt3b (b1 and b8) and mDnmt3b N662I (bM2 and
bM9) were derived, where the exogenous expression levels
of mDnmt3b and mDnmt3b (N662I) were similar to the
endogenous Dnmt3b expression in wild-type ES cells (J1)
(Figure 4A). As revealed by HPLC analysis, wild-type
mDnmt3b restored DNA methylation of
Dnmt3a
 / 3b
 /  ES cells to an average of 78% of the
normal level, while the N662I mutant could only restore
DNA methylation to 30% of the normal level, further
conﬁrming the critical role of residue N662 (Figure 4B).
Since measurement of global DNA methylation levels
reveals mostly the methylation status of repetitive se-
quences, the major targets of DNA methylation (17), we
next examined the methylation status of several repetitive
sequences, including minor satellite (centromeric tandem
repeats), major satellite (pericentromeric tandem repeats)
and Line1 (long interspersed repeats). By using
methylation-sensitive restriction enzymes and Southern
blot with speciﬁc probes, we found that all these repetitive
sequences were highly methylated in wild-type ES cells
but severely hypomethylated in GFP-expressing
Dnmt3a
 / 3b
 /  ES cells. And as expected, the N662I
mutant methylated these repetitive sequences much less
eﬃciently than wild-type mDnmt3b (Figure 4C). Then
we also checked the methylation status of speciﬁc
genomic loci of single copy genes. The phosphoglycerate
kinase 2 (Pgk-2) and  -globin genes were reported to be
highly methylated in wild-type ES cells but
hypomethylated in late passage Dnmt3a
 / 3b
 /  ES cells
(11), so we examined their methylation status by bisulﬁte
genomic sequencing. Both wild-type mDnmt3b and the
N662I mutant partially restored the DNA methylation
on these foci, however, no signiﬁcant diﬀerence was
observed between ES cells expressing wild-type
mDnmt3b and the N662I mutant (Figure 4D). These
results indicated a speciﬁc role of the I662N substitution
in the methylation of repetitive sequences, which might
result from potentially unequal chromosomal accessibility
between repetitive sequences and single copy genes.
DISCUSSION
In this study, we ﬁrstly showed that the chromatin DNA
methylation activity of mammalian Dnmt3b was greatly
enhanced due to an evolutionary amino acid substitution
in the catalytic domain. Moreover, this substitution is
crucial for Dnmt3b to eﬃciently methylate the repetitive
sequences in mammalian genomes, which is important for
genome stability and gene regulation (4). It is noteworthy
that the I662N substitution appears to be restricted to
mammals (Figure 2D), of which the genomes are generally
characterized by containing the largest percentage of re-
petitive sequences among all metazoans (15,16).
Meanwhile, Dnmt3b proteins in birds are enzymatically
inactive (Figure 1B and C; Supplementary Figures S2
and S3), and birds’ genomes are characterized by the
low density of repetitive sequences (16,44). These results
suggest an association of the chromatin DNA methylation
activity of Dnmt3b with the density of repetitive sequences
in the genome. In addition, Tajima’s test rejected the equal
substitution rate hypothesis (i.e. molecular clock hypoth-
esis) on the non-synonymous sites (but not on synonym-
ous sites) for Dnmt3a and Dnmt3b (Figure 5A), and
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stitution rate than Dnmt3a in vertebrates, during the
emergence of mammals (Figure 5B). All of these observa-
tions provide consistent evidence suggesting that Dnmt3b
evolved more rapidly than Dnmt3a during the emergence
of mammals and gained enhanced chromatin DNA
methylation activity as a functional adaptation to the dra-
matically increased repetitive sequences in mammalian
genomes.
Based on our ﬁndings, a scenario for the evolution of
Dnmt3a and Dnmt3b after their generation by gene du-
plication can be speculated. After the duplication of
Dnmt3 gene around the separation of vertebrates,
Dnmt3b quickly gained moderately higher chromatin
DNA methylation activity than Dnmt3a (Figure 1B),
while the latter probably retained a more ancestral state.
Invertebrate genomes are fractionally methylated (mosaic
methylation), while vertebrate genomes are globally
methylated (45,46). The great increase of DNA methyla-
tion level in the genome should correspondingly require
higher chromatin DNA methylation activity, so that the
reservation of both copies of the duplicated Dnmt3 could
be advantageous. Another challenge was the dramatically
increased repetitive sequences in mammalian genomes.
The enhanced chromatin DNA methylation activity of
mammalian Dnmt3b conferred by I662N substitution
might have provided the selective advantage and further
led to its ﬁxation in mammals. Interestingly, Dnmt3L, a
Figure 4. The reverse substitution (N662I) severely compromises mammalian Dnmt3b’s eﬃciency in methylating repetitive sequences. (A) GFP
(GFP3, GFP7), mDnmt3b (b1, b8) and mDnmt3b (N662I) (bM2, bM9) were stably expressed in Dnmt3a
 / 3b
 /  ES cells. (B) Global DNA
methylation levels were assessed by HPLC. Data are presented as mean ± SEM, n=3.**P<0.01. (C) DNA methylation status of minor satellite,
major satellite and Line1 repetitive sequences was assessed by southern blot. MspI was the complete digestion control for HpaII. (D) DNA
methylation status of  –globin and Pgk-2 genes was analyzed by bisulphite genomic sequencing.
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appear only in mammals (39). And we found that Dnmt3L
could enhance the chromatin DNA methylation activity of
both Dnmt3a and Dnmt3b (Figure 6), probably through
(i) stabilizing the conformation of the active-site loop to
facilitate the formation of active enzyme–DNA complex,
especially for Dnmt3a (32); and (ii) targeting them to
chromatin regions where methylation of histone H3
lysine 4 is absent (47,48). Thus, both I662N substitution
in Dnmt3b and appearance of Dnmt3L greatly enhanced
chromatin DNA methylation activity in mammals.
Although the single amino acid substitution I662N in
the catalytic domain is mainly responsible for mammalian
Dnmt3b’s high nucleosomal DNA methylation activity
observed in this study, we also noticed several radical
amino acid substitutions located in the N-terminal regu-
latory region, which was reported to interact with regula-
tory factors (e.g. Dnmt3L, chromatin remodeling factors,
histone deacetylases and methyltransferases; 4,20). It has
been reported that deﬁciency in certain ATP-dependent
chromatin remodeling factors (e.g. Lsh in mouse, ATRX
in human) results in the disruption of chromatin DNA
methylation patterns (35,49,50). The post-translational
modiﬁed histones and other chromatin-associated
proteins also play crucial roles in the targeting of
DNMTs (51–55). Thus, instead of altering the catalytic
property, those substitutions in the N-terminal regulatory
region might be involved in the interactions between
Dnmt3 proteins and their various regulatory factors and
contribute to the regulation of chromatin DNA methyla-
tion. Further exploring their roles is necessary to fully
understand the evolution of Dnmt3 gene family.
By superimposing the structure of Dnmt3a catalytic
domain (32) and nucleosome (56) onto the structure of
M.HhaI–DNA complex (57), we found that the residue
corresponding to N662 of mDnmt3b seemed to be
located at the edge of the minor groove of DNA helix
and close to the phosphate group of DNA backbone
(Supplementary Figure S9). It is possible that residue
N662 facilitates the formation of active enzyme–DNA
complex through its interaction with the phosphate
group of DNA backbone and stabilizing the interaction
between the enzyme’s active site loop and DNA, which
might be especially important when substrate DNA is
wrapped into nucleosomes with low accessibility to
binding proteins. These observations support our conclu-
sion that the diﬀerent methylation activity towards nu-
cleosomal DNA between Dnmt3a and Dnmt3b is their
intrinsic enzymatic property. However, we do not
exclude that regulatory factors together with various
histone modiﬁcations play important roles in regulating
the methylation activity of Dnmt3a and Dnmt3b in vivo,
Figure 5. Dnmt3b evolved more rapidly than Dnmt3a during the emer-
gence of mammals. (A) Tajima’s molecular clock test for synonymous
substitutions (S3a, S3b) and non-synonymous substitutions (N3a, N3b)i n
Dnmt3a and Dnmt3b of representative species. Dnmt3 of amphioxus
was used as the outgroup. *P<0.05. (B) Non-synonymous substitution
rates (Ka) of Dnmt3a and Dnmt3b from representative species against
their corresponding human orthologs.
Figure 6. Co-expression of Dnmt3L with Dnmt3a or Dnmt3b enhances
chromatin DNA methylation activity. (A) Western blot of the DNMTs
expressed in diﬀerent yeast strains. Each strain was transformed with
one or two expression constructs (+) or empty vector ( ) as indicated
on the top. Set1D, Set1 knockout. (B) The m
5C contents in indicated
yeast chromatin DNA were measured by HPLC. Data are presented as
mean ± SEM, n=3.
6062 Nucleic Acids Research, 2010,Vol.38, No. 18especially in speciﬁc physiological conditions, so that both
of them could methylate the chromatin eﬃciently in a
well-controlled manner and establish proper DNA methy-
lation patterns.
It is very common to infer the possibility of adaptive
evolution by comparing the non-synonymous and syn-
onymous substitution rate. However, these analyses not
only predict a signiﬁcant number of false positives but
also fail to predict many positively selected sites. Thus,
the importance of potential adaptive amino acid substitu-
tion must be veriﬁed in proper functional assays, and it is
essential to establish such functional assays for the genes
to be studied (58,59). In this study, we used budding yeast
as the in vivo test tube to measure the chromatin DNA
methylation activity of Dnmt3 proteins and proved the
adaptive signiﬁcance of I662N substitution for mamma-
lian Dnmt3b. Due to the ease of genetic manipulations
and possessing most of the histone modiﬁcations of
higher eukaryotes, the budding yeast system we used in
this study will also be a powerful tool to study the cross-
talk between DNA methylation and various histone modi-
ﬁcations during evolution, including the evolution of
related histone modiﬁcation enzymes.
Taken together, our study not only provides novel
insight into the evolution process of Dnmt3a and
Dnmt3b after gene duplication and the molecular mech-
anism of the diverged functions of Dnmt3a and Dnmt3b,
but also gives the ﬁrst example that minor changes in
sequence could provide the functional novelty conferring
a selective advantage and contribute to functional adap-
tation in the epigenetic system.
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Supplementary data are available at NAR Online.
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